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Abstract 


Seedlings of radiata pine (Pinus radiata D. Don) grown in a sandy soil inoculated with Rhizopogon 
luteolus had 72% of their short roots mycorrhizal at age 5 months whereas the uninoculated controls 
had only 6-0%. 

When water was withheld from the soil and soil water matric potential became more negative, 
the leaf water potential of both inoculated and uninoculated plants became more negative, transpir- 
ation rate was reduced, and the derived resistance of the plant plus soil to the flow of water increased. 
There was no significant difference between inoculated and uninoculated plants in transpiration rate, 
but leaf water potential was more negative and consequently the derived resistance of plant plus 
soil was greater in the inoculated plants. The resistance of plant plus soil was partitioned using a 
simple whole-plant model. Resistance within the soil was considered more significant than that in 
the plant, and the greater soil resistance associated with the inoculated plants was considered to be 
due to differences in root geometry. 


Introduction 


Growth of radiata pine plants is often improved when their root systems are 
infected by mycorrhizal fungi (Kessel 1923; Theodorou and Bowen 1970) and this 
benefit is generally considered to be due to an increased efficiency in absorbing 
nutrients (Bowen 1973). It is less clear whether the mycorrhizal root system is also 
more efficient in absorbing water. The aim of this study therefore was to compare 
mycorrhizal and non-mycorrhizal plants and determine (1) which root system offers 
greater resistance to the flow of water, (2) which plants become more water stressed 
as the soil dries, and (3) which plants are more efficient at conserving soil water. 


Materials and Methods 


On 5 March 1975, pre-germinated radiata pine seeds were planted into enamelled pots (one 
seedling per pot) containing 3500 g (air-dry) of sterilized (120°C for 1 h) Mt Burr sand packed to 
a soil bulk density of 1-2 gcm~%. The soil in 12 pots was inoculated with mycelium and an 0-1-ml 
spore suspension in water containing 2-88 x 107 basidiospores of Rhizopogon luteolus on 5 March 
and 20 June 1975, respectively, The remaining 12 pots were left as uninoculated controls. Plants were 
raised in a glasshouse and watered from above to 13-3% by weight (—5 kPa mean soil matric 
potential) three times per week through a sterile covered tube. 

On 21 July 1975 the plants, all of which were of similar size and appearance, were placed in a 
controlled environment of 12h light (550 4E m~? s~*) at 20°C, and 12h dark at 15°C. The soil 
was maintained at a gravimetric water content of 13-3% for 1 week and then allowed to dry out. 
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Transpiration (T) and soil water content were determined gravimetrically by weighing the pots 
each Monday, Wednesday, and Friday during the drying period midway through the light period. 
Soil matric potential (y$,) was derived from the gravimetric water content using a moisture character- 
istic compiled from pressure-plate and suction-membrane measurements. Leaf water potentials (¥*) 
were measured on one needle per tree midway through the light period on Mondays and Thursdays 
using a pressure bomb. All measurements ceased on the thirty-third day of the drying period because 
it was considered that any further sampling of needles would reduce foliage to the extent that this 
would become a significant complicating factor in its own right. At this stage there was no visible 
difference between treatments. There was no wilting, and all plants appeared healthy. 

The height of the seedlings from the soil surface was then recorded and the plants were harvested. 
The short (final-order lateral) roots per seedling were counted. The intensity of mycorrhizal infection 
(assessed on all plants) was expressed as the percentage of short roots per seedling which had become 
mycorrhizal (‘percentage mycorrhiza’) as indicated by dichotomous root forking or the presence 
of a fungal mantle. Most of the unbranched short roots were not infected but all forked roots were 
infected. The oven-dry weights of shoots and roots were recorded. 

The following abbreviations and symbols are used throughout the paper: 


Vs, that component of soil water potential due to matric forces (soil 
matric potential) 

vi that component of soil water potential due to dissolved salts (soil 
osmotic potential) 

ys water potential at root surface 

y: total water potential of the leaf (needle) 

T transpiration rate (cm? day~*) 

Rpts resistance of plant plus soil (kPa day cm~+) 

Rp resistance of plant 

R, resistance of soil 


Table 1. The height, oven-dry weight of roots and shoots, number of short roots, and percentage of 
short roots that are mycorrhizal, in inoculated and uninoculated radiata pine seedlings at the end of 
the drying period 


Values are given + standard error of mean based on 10 observations 


Treatment Height Dry wt (g) of No. of Percentage 
(mm) Shoots Roots short roots mycorrhiza 
Inoculated 200-2+11-4 3-3140-19 2-6140-14 998+ 25 72+4 
Uninoculated 203-5 7-3 3-8440-22 2-75+0-15 1058+41 6+2 


Results 


The height and root data are shown in Table 1. There were no significant differ- 
ences between inoculated and uninoculated plants in height, dry weight of roots and 
shoots, or number of short roots. There was a very highly significant (P < 0-001) 
difference in percentage mycorrhiza where 72% of the short roots of inoculated 
seedlings were mycorrhizal and only 6% of short roots in the uninoculated seedlings. 

The moisture characteristic and hydraulic conductivity function for the Mt Burr 
sand are shown in Fig. 1. The hydraulic conductivity function was derived from the 
saturated hydraulic conductivity and moisture characteristic data as calculated by 
Jackson (1972). The moisture characteristic was used to convert gravimetric water 
content data to matric potential. Transpiration, matric potential and leaf total water 
potential of inoculated and uninoculated seedlings over the drying period are shown 
in Fig. 2; T, Y} and ¥' all decreased with time. There were no significant differences 
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between inoculated and uninoculated seedlings in Tand w%, but, after day 5, inoculated 
plants had ¥' values significantly more negative than had uninoculated seedlings. 
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Fig. 1. The moisture characteristic (——) and hydraulic conductivity function 
(---) of the Mt Burr sand used in this study. 


The plotted values of T, y$, and ‘V! did not always fall on the same day and there 
was no occasion when all three corresponded on the same day (Fig. 2). This meant 
that some degree of interpolation was necessary in interpreting results. Graphs of 
T, Wi, and ¥' versus time, hand-fitted for each replicate, were considered to give 
independent estimates at any one time and therefore to be amenable to statistical 
analysis. The statistical significance of differences in T, ¥' and Rp+s (resistance of 
plant plus soil) between inoculated and uninoculated seedlings after differences in 
Wa have been removed by covariate analysis are shown in Table 2 for days 3, 10, 17, 
24 and 31; wi, and Y! were actually measured but values for T were calculated. 
R,+; was derived for each replicate from an Ohm’s law analogue based on Van der 
Honert (1948): 


T = —(Y—Yh)/Ross. 
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Table 2. Statistical significance of differences in T, ¥' and 

R,.s between inoculated and uninoculated seedlings after 

differences in ył, have been removed by covariate analysis for 
days 3, 10, 17, 24 and 31 


The difference uninoculated minus inoculated is always 
positive for T and ¥', and always negative for R,+5. N.S., 
not significant at P = 0-05; *, P <0-05; **, P < 0-01; 


+++ P < 0:001 
Level of significance for day: 
3 10 17 24 31 
E n.s. n.s. = n.s. n.s. 
yp! n.s. kkk xe * * 
Rp+s n.s. +s i . n.s. 


For this purpose, it was assumed that all transpiration occurred during the 12 h light 
period. Consequently, the ‘day’ term in all transpiration and resistance units in this 
study refer to a 12 h light day. Yi was substituted directly for total soil water potential 
in this equation and the osmotic component of soil water potential (Y$) was ignored. 
The consequences of doing this will be discussed later. On day 3, when yf was close 
to zero, there were no significant differences in T, ¥', or Rp+s between inoculated and 
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uninoculated plants: thereafter, differences in T were not significant (except on day 
17) and differences in Y! and R,+, were significant (except for R,,, on day 31). 
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Fig. 3. Relation between transpiration 
(T), leaf water potential (¥'), the 
resistance of plant plus soil (R,+,) and 
soil matric potential (wñ) for inoculated 
(——) and uninoculated (-—-) seedlings. 
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Gravimetric determination of soil matric potential is less precise in dry than in wet 
sand (Fig. 1) and the reduction in the degree of statistical significance towards the 
end of the drying cycle (Table 2) reflected this increased variability. Values of T, Wi, 
and ¥' for daily increments were read for each replicate and graphs of yẹ, versus Y! 
and T were compiled for each replicate. Mean curves calculated from the replicate 
curves are shown in Fig. 3. The relation between R,,, and i, as derived from these 
curves is also shown. As the soil dried out and y$, became more negative, both T 
and ¥'! decreased and R, 5 increased. 


Discussion 


The three questions asked in the Introduction can be answered at least for these 
particular plants under the conditions of this pot experiment: 
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(1) The resistance to the flow of water from the soil through the inoculated plants 
was greater than through the uninoculated plants; 

(2) The inoculated plants were more water stressed (accepting ¥' as an indicator 
of plant water stress) at all soil matric potentials except those close to zero; and 

(3) There was no significant difference between inoculated and uninoculated plants 
in the rate at which they removed soil water. 


Although the only significant morphological difference between inoculated and 
uninoculated plants was in the percentage mycorrhizal infection (Table 1), it may be 
misleading to infer that any difference in water relations between inoculated and unin- 
oculated plants was directly due to the presence or absence of the mycorrhizal compo- 
nent. The mean height, root and shoot dry weights, number of short roots and trans- 
piration rate were consistently all lower (though not significantly so) in the inoculated 
plants (Table 1; Fig. 2). A component of the difference in behaviour between inocul- 
ated and uninoculated plants might therefore be associated with a real (though 
statistically insignificant) difference in plant size. 

Variable resistance in plants or plant plus soil has frequently been reported in the 
literature. Distinction is necessary, though, between experiments where plants are 
grown in solution culture or soil. In solution culture, there is no resistance to water 
flow from solution to root surface and all resistance is within the plant (R,). Under 
these circumstances, the water potential at the root surface (¥'S) equals that of the 
solution. When plants are grown in soil, where y$, is less than zero, water moves in 
response to a potential gradient and a resistance is located in the soil. Under these 
circumstances, ¥" is more negative than the water potential of the surrounding soil 
and the resistance measured is that of plant plus soil (R, ,,), as was the case in study. 

Stoker and Weatherley (1971) found in cotton and sunflower grown in solution 
at constant water potential close to zero that, when transpiration rate was changed 
by varying evaporative demand, the potential gradient between substrate and leaves 
remained constant over most of the transpiration range thus demonstrating variable 
R, under conditions of varying evaporative demand. Barrs (1973) found a similar 
phenomenon in other plant species and demonstrated how, by resistance varying in 
this manner, the development of severe plant stress (very negative leaf water poten- 
tials) was avoided. Janes (1970) and Shalhevet et al. (1976) altered transpiration rate 
by varying both evaporative demand and substrate water potential. Shalhevet et al. 
(1976) in split-root experiments with intact pea plants found that the root resistance 
varied when water flux through an isolated root segment was altered by varying the 
evaporative demand, but that it remained constant when water flux was altered by 
reducing substrate water potential through the addition of NaCl. Shalhevet et al. 
(1976) further considered that Janes’ (1970) experiments with pepper plants in sub- 
strate containing polyethylene glycol 400 as an osmoticum showed essentially the 
same thing. In contrast, Brouwer (1953) reported that the resistance of isolated root 
segments of intact bean plants decreased as substrate water potential was lowered 
osmotically, and So ef al. (1976a, 1976b) reported that root resistance of single roots 
from intact maize plants decreased as ¥™ decreased. An increase in root resistance 
with decreasing ¥™ at constant evaporative demand has not been reported for intact 
plants. Increased root resistance has been reported in excised root systems only (see 
Shalhevet et al. 1976) and, because of the artificial gradients imposed, it is not known 
to what extent these results can be extrapolated to a naturally transpiring plant. 
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Therefore, it is proposed for intact plants in soil under constant evaporative 
demand (as during the light period in this study) that R, is either (1) constant or (2) 
decreases with decreasing Wi. 

(1) If R, is constant, then in this study R, = Rp+s at Yn = 0, and soil resistance 
(R,) at Ya # 0 can be calculated from the relation R, = Rp+s— Rp Based on this 
simple whole-plant model, steady-state values of R,, R,, R,/R,, and ¥™ for inoculated 
and uninoculated plants are shown in Table 3; ‘¥" was calculated from the equation: 


T = —(¥"-y3)/R,. 


This table shows that R, increased as Wj, became more negative and that R, > R, at 
Wi, of about —100 kPa. Though R, of inoculated plants was slightly greater than 
R, of uninoculated plants, most of the observed difference in R,,, between inoculated 
and uninoculated plants (Fig. 3) was in the R, term (Table 3). 


Table 3. R, and R,, R,/R, and Y“ at various values of wf, 
Data derived from Fig. 3 assuming R, is constant and equal to Rp+s at yi, = 0 


Value of w$, (kPa) 
0 —50 -100 -—200 — 400 —800  —1200 


R, (kPa day cm~?) 


Inoculated 26 26 26 26 26 26 26 

Uninoculated 21 21 21 21 21 21 21 
R, (kPa day cm~?) 

Inoculated 0 21 37 54 88 140 194 

Uninoculated 0 15 28 43 70 109 116 
R;/ R; 

Inoculated — 80 140 210 340 530 740 

Uninoculated — 70 130 200 330 510 540 
Y" (kPa) 

Inoculated 0 —620 —860 -—1006  —1310  —1580 —1980 

Uninoculated 0 —460 —680 —890 -1120 —1410 —1660 


(2) If R, decreases with Yñ, then R, becomes an even more significant component 
of R,,, and the case for R, being the predominant resistance is strenghtened. 

Attempts in the literature to partition R, and R, in plant-soil systems have been 
complicated by an inability to directly measure ‘¥, which has to be estimated from 
idealized models. Models for predicting R, have been proposed by Philip (1957) as 
modified by Gardner (1960) and Cowan (1965), and by Whisler eż al. (1970). 

Various workers predict from the Philip-Gardner-Cowan model that R, is usually 
small compared with R, except in dry soil approaching the wilting point (Newman 
1969a, 19695; Lawlor 1972; Hansen 1974; Taylor and Klepper 1975; Greacen 
et al. 1976). This model predicts, though, that R, becomes more significant when 
plants of low rooting densities (Williams 1974) are in soils of low hydraulic conduc- 
tivity (Greacen 1975). Thus Greacen (1975) and Reicosky and Ritchie (1976) concluded 
that R, could predominate in sandy soils at Yñ values of — 100 kPa. Woody species, 
particularly Pinus, have low rooting densities compared with herbaceous species 
(Newman 1969a; Williams 1974), Therefore, significant R, values would be predicted 
for this study of a pine grown in sand. 
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Carbon (1973) demonstrated both experimentally and theoretically [using the 
model of Whisler et al. (1970)] that R, was significant when sorghum plants were 
grown in coarse sandy soil at wé, close to zero. 

It is suggested, therefore, that the predictions of the whole-plant model proposed 
in this study are essentially correct and that R, was the major component of R,., 
and that the difference in R,,, between inoculated and uninoculated plants was 
largely due to differences in R,. These differences are probably due to differences in 
root geometry. 

W was ignored in this study. W% is not a component of the potential gradient from 
soil to root as there is no membrane in the flow path. However, is a component 
of the potential gradient within the plant and, as such, should be allowed for when 
predicting R, from the whole-plant model. If y} of —100 kPa at Yi = 0 is assumed, 
R, would increase from 0:26 to 0:29 and from 0-21 to 0-24 in inoculated and unin- 
oculated plants, respectively. Derived values of R, would need to be adjusted accor- 
dingly. However these adjustments are small and do not materially alter the general 
predictions of the model. 

It would be dangerous to infer from this particular experiment that mycorrhizal 
root systems in general provide greater resistance to the flow of water than do non- 
mycorrhizal ones. Inoculation generally confers an overall growth advantage but in 
this particular study the inoculated plants were, if anything, smaller than the uninoc- 
ulated ones (Table 1), and mycelial strand developement was not well advanced. 
Also, the sandy soil used in this study overemphasized the significance of R,. Never- 
theless, this is the soil on which most radiata pine in South Australia is grown. 


Acknowledgments 


The technical assistance of Mrs J. A. Rishworth is gratefully acknowledged. The 
moisture characteristic and hydraulic conductivity function for the Mt Burr sand 
was determined by Mr J. Denholm. The statistical advise of Dr R. L. Correll and 
helpful discussion with Dr E. L. Greacen is gratefully acknowledged. 


References 


Barrs, H. D. (1973). Controlled environment studies on the effect of variable atmospheric water 
stress on photosynthesis, transpiration and water status of Zea mays L. and other species. In 
‘Plant Response to Climatic Factors’. Proc. Uppsala Symp. pp. 249-58. (Unesco.) 

Bowen, G. D. (1973). Mineral nutrition of ectomycorrhiza. In ‘Ectomycorrhizae: Their Ecology 
and Physiology’. (Eds G. C. Marks and T. T. Kozlowski.) pp. 151-205. (Academic Press: 
New York.) 

Brouwer, R. (1953), The water absorption by roots of Vicia faba at various transpiration strengths. 
III. Changes in water conductivity artificially obtained. Proc. K. Ned. Akad. Wet. Ser. C. 57, 
68-80. 

Carbon, B. A. (1973). Diurnal water stress in plants grown on a coarse soil. Aust. J. Soil Res. 11, 
33-42. 

Cowan, I. R. (1965). Transport of water in the soil-plant-atmosphere system. J. Appl. Ecol. 2, 
221-39. 

Gardner, W. R. (1960). Dynamic aspects of water availability to plants. Soil Sci. 89, 63-73. 

Greacen, E. L. (1975). Soil conditions affecting crop water supply. 1974-75 Biennial Report, 
Division of Soils, CSIRO. pp. 10-14. 

Greacen, E. L., Ponsana, P., and Barley, K. P. (1976). Resistance to water flow in the roots of cereals. 
In ‘Water and Plant Life’. (Eds O. L. Lange, L. Kappen and E. D. Schulze.) pp. 86-100. (Springer- 
Verlag: Berlin, Heidelberg, New York.) 


Water Uptake by Mycorrhizal Roots of Radiata Pine 309 


Hansen, G. K. (1974). Resistance to water transport in soil and young wheat plants. Acta Agric. 
Scand. 24, 37-48. 

Jackson, R. D. (1972). On the calculation of soil hydraulic conductivity. Soil Sci. Soc. Am. Proc. 36, 
380-2. 

Janes, B. E. (1970). Effect of carbon dioxide, osmotic potential of nutrient solution, and light 
intensity on transpiration and resistance to flow of water in pepper plants. Plant Physiol. 45, 
95-103. 

Kessell, S. L. (1923). Some observations on the establishment of pine nurseries in Western Australia. 
ANZAAS Proc. 1923, 749-51. 

Lawlor, D. W. (1972). Growth and water use of Lolium perenne. I. Water transport. J. Appl. Ecol. 8, 
265-7. 

Newman, E. I. (1969a). Resistance to water flow in soil and plant. I. Soil resistance in relation to 
amounts of root: theoretical estimates. J. Appl. Ecol. 6, 1-12. 

Newman, E. I. (19695), Resistance to water flow in soil and plant. II. A review of experimental 
evidence on the rhizosphere resistance. J. Appl. Ecol. 6, 261-72. 

Philip, J. R. (1957). The physical principles of water movement during the irrigation cycle. Proc. 
3rd Int. Congr. Irrig. Drainage Vol. 8, pp. 125-54. 

Reicosky, D. C., and Ritchie, J. T. (1976). Relative importance of soil resistance and plant resistance 
in root water absorption. Soil Sci. Soc. Am. J. 40, 293-7, 

Shalhevet, J., Maas, E. V., Hoffman, G. J., and Ogata, G. (1976). Salinity and the hydraulic conduc- 
tance of roots. Physiol. Plant. 38, 224-32. 

So, H. B., Aylmore, L. A. G., and Quirk, J. P. (1976). Measurement of water fluxes in a single 
root-soil system. I. The tensiometer-potometer system. Plant Soil 45, 577-94. 

So, H. B., Aylmore, L. A. G., and Quirk, J. P. (19766). The resistance of intact maize roots to water 
flow. Soil Sci. Soc. Am. J. 40, 222-5. 

Stoker, R., and Weatherley, P. E. (1971). The influence of the root system on the relationships 
between the rate of transpiration and depression of leaf water potential. New Phytol. 70, 547-54. 

Taylor, H. M., and Klepper, B. (1975). Water uptake by cotton root systems: an examination of 
assumptions in the single root model. Soil Sci. 120, 57-67. 

Theodorou, C., and Bowen, G. D. (1970). Mycorrhiza responses of radiata pine in experiments with 
different fungi. Aust. For. 34, 182-91. 

Van der Honert, T. H. (1948). Water transport in plants as a catenary process. Discuss. Faraday 
Soc. 3, 146-53. 

Whisler, F. D., Klute, A., and Millington, R. J. (1970). Analysis of radial, steady-state solution, 
and solute flow. Soil Sci. Soc. Am. Proc. 34, 382-7. 

Williams, J. (1974). Root density and water potential gradients near the plant root. J. Exp. Bot. 25, 
669-74. 


Manuscript received 14 October 1977 


